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Abstract-A procedure was developed for computing economic thresholds for hardwood
competition in pine plantations. The economic threshold represents the break-even level of
competition above which hardwood control is a financially attractive treatment. Sensitivity
analyses were conducted to examine the relative importance of biological and economic
factors in determining economic thresholds. Growth models were used to determine the
level of hardwood basal area (HBA) at which the cost of hardwood control equals the
reduction in net present value of the stand due to competition. A basal area prediction model
was fit with absolute HBA, rather than percent HBA, and then used to simulate the effects
of hardwood competition in loblolly pine plantations. Generalized yield response models at
age 25 were developed by site index and HBA, and used to compute HBA when the net
present value of the pine response was zero. A hardwood basal area growth model was
developed for projecting hardwood basal area to age 3, which is when release treatments
would be applied. Sensitivity analyses examined the relative importance of site index,
interest rate, pine stumpage value, and treatment cost in determining economic thresholds.
The most important biological factor was site index, and interest rate was the most important
economic factor. Pine stumpage value and cost of hardwood control treatment were
r e l a t i v e l y  u n i m p o r t a n t  i n  d e t e r m i n i n g  e c o n o m i c  t h r e s h o l d s .

INTRODUCTION
Cont ro l  o f  compet ing  vege ta t ion  has  become a  common
silvicultural practice for managing pine plantations in the
Southeast .  Budgetary  and env i ronmenta l  cons idera t ions
requ i re  tha t  vegeta t ion  management  t rea tment  be  p re-
scribed on the basis of site-specific analysis of costs and
benefits. To be most effective, vegetation treatments must
be applied at young ages. However, information on the
long- te rm benef i t s  o f  vege ta t ion  management  i s  inad-
equate, and response to different treatments cannot be
reliably extrapolated to rotation age as required for eco-
nomic  ana lyses .

Research over the last 25 years has shown substantial
inc reases  in  p ine  growth  fo l low ing  hardwood cont ro l
(C lason 1978,  Ca in  and Mann 1980,  G lover  and D ickens
1985, Glover and Zutter 1993, Miller and others 1995,
Quicke  and others 1996). Despite these efforts, forest
managers  have  few quan t i t a t i ve  too ls  to  assess  “how
much is too much” for specific site and stand conditions.
According to Wagner (1993),  developing objective and
quan t i ta t i ve  sys tems to  eva lua te  the  response  to  p roposed
treatments is one of the highest priorities for vegetation
management  research .  Such  dec is ion  suppor t  too ls  a re
needed to  ensure  tha t  t rea tments  a re  p rescr ibed  on ly  when
the  long- te rm changes  in  s tand deve lopment  can  be
economica l l y  jus t i f ied  and ba lanced w i th  eco log ica l
cons idera t ions  (Wagner  1994) .

The economic threshold-the hardwood density at which
the discounted value of the gain in timber volume at rotation
age fo l low ing  a  compet i t i on  con t ro l  t rea tment  equa ls  the

discounted cost of the competition control treatment
(Cousens 1987)-serves  as a basis for justifying vegeta-
t ion  t rea tments .  The  economic  th resho ld  approach  invo lves
computing net present value (NPV) for competition control
t rea tments  and  de te rmin ing  the  leve l  o f  hardwood compet i -
tion that produces an NPV of $O/ac  in the treated stand.

NPV = VolumeGainedx Stumpagevalue - -
(1 + 9'

""y:"+';f'""'  = ,, [II

where i=interest rate (percent), r = rotation age (years), and
t = age of hardwood control treatment (years). Estimating
the  vo lume ga ined  fo l low ing  compet i t ion  con t ro l  i s  essen-
t ia l  to  comput ing  the  economic  th resho lds .

The method o f  de termin ing  the  economic  th resho ld  leve l  o f
ha rdwood  compet i t i on  cons is ts  o f  3  s teps ,  and  i s  demon-
strated for loblolly pine plantations. Yield is simulated for
various levels of site index, planting density, and HBA. The
second step is to use predicted yield, pine stumpage  value,
hardwood treatment cost, and interest rate to compute the
economic  th resho ld  leve l  o f  hardwood compet i t ion  a t
rotation age. The final step is to project the economic
threshold level of hardwood competition at rotation age to
the age when a release treatment would be applied.
Sensitivity of biological factors (site index and planting
density) and economic factors (interest rate, pine stump-
age value, and treatment cost) on the economic threshold
leve l  o f  hardwood compet i t ion  a lso  is  examined.
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METHODS

Predicted Yield
The first step in determining economic thresholds is to
predict the yield of loblolly pine plantations with varying
amounts of hardwood competition. Three computer
models  have been deve loped (Burkhar t  and Spr inz  1984,
Smith and Hafley 1986, and Knowe 1992) to simulate the
effects of hardwood competition in loblolly pine plantations.
Knowe (1992)  compared the  assumpt ions  and methodo l -
ogy of these yield systems. Data used to develop the
models were obtained primarily from Piedmont and Upper
Coastal Plain sites. When hardwood competition is
present, all three existing models produce negatively
skewed diameter distributions, with predominately small-
d iamete r  t rees  and  few la rge-d iamete r  t rees .  These
mode ls  use  a  negat ive  exponent ia l  re la t ionsh ip  be tween
pine basa l  area and percent  HBA:  greater  p ine reduct ions
occur at low levels of hardwood competition than at high
leve l s .

A major limitation of all three existing models is that
percent HBA is used as a predictor variable. Pine basal
area can be obtained from total basal area and percent
HBA. Furthermore, total basal area must be known in order
to compute percent HBA. Therefore, using percent HBA
implies that the basal area of both the pine and hardwood
components is known. In addition, the long-term dynamics
of percent HBA are not well documented, with one notable
exception (Glover and Zutter 1993)  and it cannot be reliably
pred ic ted (Har r ison and Borders  1996) .

A major difference in the loblolly pine plantation yield
prediction systems is the amount of pine basal area
d isp laced by  hardwood compet i t ion .  The Burkhar t  and
Sprinz (1984) model implies that 1 ft’/acre of HBA replaces
1.26 ft*/acre  of pine basal area at 10 percent HBA and 2.11
ft2/acre  of pine basal area at 30 percent HBA. The model
deve loped by  Smi th  and Haf ley  (1986)  imp l ies  rep lacement
ratios of 0.88 ft* and 0.93 ft* of pine basal area per ft* of HBA
at 10 and 30 percent HBA, respectively. The Knowe (1992)

model implies a replacement ratio of 0.97:1  (ft* pine basal
area/ft*  hardwood basal area) at 10 percent HBA and 0.99:1
at 30 percent HBA.

The p ine  basa l  a rea and d iameter  d is t r ibu t ion  mode ls
deve loped by  Knowe (1992)  were  chosen fo r  demonst ra t -
ing the method of computing economic threshold level of
hardwood compet i t ion .  The p ine  basa l  a rea mode l  was
refit by using absolute HBA rather than percent HBA. The
resulting equation accounted for only 1.5 percent less of
the variation in observed pine basal area than the model
with percent HBA. Dominant height, survival, individual tree
height, and volume were predicted by using the functions
deve loped by  Borders  and o thers  (1990) .

Loblolly pine yield at age 25 years was simulated using 0,
5, IO,  15, 20, and 25 ftVacre  of HBA in stands with site
index (base age 25) values of 50 to 80 feet, in 5-foot
inc rements ,  and  p lan t ing  dens i t ies  o f  500-900 t rees /acre ,
in  inc rements  o f  100  t rees /ac re .  The  re la t ionsh ip  be tween
loblolly pine yield and hardwood basal area was linear for
all combinations of site index and planting density, so
s imp le  l inear  regress ion  mode ls  were  deve loped fo r  each
level of site index and planting density:

Y = b,-b,HBA PI

where Y = loblolly pine yield (tons/acre) at age 25 and HBA
= hardwood basal area (ftVacre).  Inspection of the inter-
cepts (b,) and slopes (b,) for all 30 combinations of site
index and p lant ing  dens i ty  ind ica ted a  l inear  re la t ionsh ip
with site index but no relationship with planting density.

The final step is to project the economic threshold level of
hardwood competition at rotation age (25 years) to an age
when a release treatment would be applied. In this ex-
ample, release treatments were applied at age 3 years. As
prev ious ly  ment ioned,  long- te rm data  on  hardwood basa l
area growth in loblolly pine plantations is very limited. The
one no tab le  excep t ion  invo lves  a  we l l -documented  s i te
preparation study in the upper Coastal Plain of Alabama
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Figure l-Relationship between loblolly pine yield and hardwood basal area at age 25 for site index between 50 and 80. The
dashed lines represent the economic threshold level of hardwood basal area for interest rates between 4 and 8 percent.
Additional inputs: pine stumpage  value = $30/tori  and hardwood control treatment cost = $6O/acre.
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Figure Z-Economic threshold level of hardwood basal area at hardwood control treatment age 3 years for interest rates
between 4 and 8 percent. Additional inputs: pine stumpage value =  $30/tori  and hardwood control treatment cost = $60/acre.

(Glover and Zutter 1993). This study included 5 replications
of an untreated check plus chemical (injection and two
methods  o f  cu t -su r face  t rea tment ) ,  mechan ica l  (bu l ldozer
scar i f i ca t ion) ,  and  manua l  (g i rd l ing)  t rea tments .  Surv iv ing
hardwoods and resprouts  deve loped a long w i th  the
planted loblolly pine for 27 years after treatment.

Fifty observations of average HBA for each of the six site
preparation treatments at ages l-4, 6, 11, 13,  22, and 24
years were used in the analyses. Data for age 27 were
exc luded f rom the  regress ions  because hardwood basa l
a rea  growth  was negat ive  be tween ages  24  and 27  years
for several treatments, and a more complex equation would
be required to describe this downward trend. In addition,
hardwood data were not available for one of the cut-surface
treatments at plantation ages 11 and 13 years. Observed
HBA-age pairs for each treatment were arranged into 45
non-overlapping growth intervals (e.g., ages 1-2, 2-3, 3-4,
4-6, 6-11,  etc.). Graphs of these data suggested several
potential equations for describing the observed patterns of
HBA growth. Tests for differences in the growth rates
among s i te  p repara t ion  t rea tments  were  a lso  conduc ted  by
incorporating indicator variables into the equation that best
fit the observed data.

S ta t i s t i ca l  d i f fe rences  in  hardwood g rowth  ra tes  were
de tec ted  among the  s i te  p repara t ion  t rea tments .  Average
growth rate for the herbicide treatments (injection only,
g i rd le+herb ic ide,  and cha in  f r i l l+herb ic ide)  was s lower  than
for the non-herbicide treatments (no treatment, girdle only,
and bulldozer scarification). However, this difference was
not of practical importance because the equation with
treatment-specific growth rates accounted for only 0.3%
more of the variation in projected HBA than the reduced
model. A single equation can be used to predict hardwood
basal area (HBA,) at any plantation age (X) using current
hardwood basa l  area (HBA)  and cur rent  age (Age) :

HBA, = HBA  exp(O.O395’(X-Age)}. 131

This equation accounted for 98% of the variation in pro-
jected HBA. In this example, the economic threshold level
of hardwood basal at a rotation age of 25 years is projected
to a hardwood-control treatment age of 3 years by multiply-
ing HBA at rotation age by 0.4194. This implies that about
42 percent of the HBA at 25year-old  stands is present in 3-
year -o ld  s tands ,  when re lease t rea tments  a re  app l ied .

Sensit ivity Analyses
The sensitivity analysis was conducted for two reasons.
The first is to examine predictions at extreme values of
input  var iab les  to  de termine whether  the  mode l  and
assumpt ions  a re  reasonab le .  The  second  reason  i s  to
assess  the  re la t i ve  impor tance  o f  b io log ica l  and  economic
fac to rs  used  in  de te rmin ing  economic  th resho lds .  Eco-
nomic factors included in the sensitivity analyses were
interest rates of 4 to 8 percent; pine stumpage  values of
$25/tori  to $35/tori;  and hardwood treatment costs of $501
acre to $90/acre.  The relative importance of the biological
and economic factors was examined by varying one factor
wh i le  ho ld ing  the  remain ing  fac to rs  cons tan t .  The  more
influential factors result in greater variations in the eco-
nomic threshold level of HBA than the less important
factors.

RESULTS
L inear  re la t ionsh ips  were  observed be tween the  in te rcepts
(b,) and slopes (b,) of the yield equation in [2]  and site
index for all combinations of site index and planting density.
Therefore, loblolly pine yield at age 25 in [2]  can be general-
ized as:

Y = [-103.0979+(3.4325  Sl)]-[0.3709-(0.0155  Sl)]xHBA [41

where SI = site index (base age 25) and other terms as
prev ious ly  de f ined.  Vo lume ga ined fo l low ing  compet i t ion
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Figure 3-Economic threshold level of hardwood basal area at hardwood control treatment age 3 years for pine stumpage
values between $25/tori  and $35/tori.  Additional inputs: interest rate=6 percent and hardwood control treatment cost=$60/
acre.

control (VG) is the difference in yield for stands without
hardwoods (HBA = 0 )  and  s tands  w i th  hardwoods .  Com-
bining [2] and [4],  VG is:

VG = [b,-b,(O)]-[b,-b,(HBA)]
= [b,-b,]+b,(HBA)
= b,(HBA)
= [-0.3709+(0.0155xSl)]xHBA

PI

Note that the sign of b, changes from negative in [4] to
positive in [5], which changes the sign of the component
coe f f i c ien ts .  When response  to  hardwood con t ro l  i s
expressed as b,HBA,  the economic threshold level of *
hardwood basal area (HBA,,) for a X-year  rotation (r = 25)
and hardwood control treatment at age 3 (t = 3) can be
computed by solving [I] for HBA as follows:
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Figure 4-Economic threshold level of hardwood basal area at hardwood control treatment age 3
years for hardwood treatment costs between $4O/acre  and $80/acre.  Additional inputs: interest rate=6
percent and pine stumpage  value=$30/ton.
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HBA,, =
TCx(l+i)2’

svx[-0.3709+(0.0155xs1)]
Fl

where i = interest rate, SV = pine stumpage  value ($/ton),
TC = hardwood treatment cost ($/acre), and r-t = 22 years.
The economic  th resho ld  leve l  o f  hardwood basa l  a t  ro ta t ion
age is projected to a hardwood-control treatment age of 3
years by multiplying HBA at rotation age by 0.4194.
The effect of varying interest rate on economic threshold
level of hardwood basal area at age 25 is shown in figure 1
for fixed pine stumpage  value and hardwood treatment
cost. As expected, yield increases with increasing site
index  and  decreases  w i th  inc reas ing  HBA.  When in te res t
rate = 6 percent, site index = 65, pine stumpage  value =
$30/tori,  and treatment cost = $60/acre,  for example, the
economic  th resho ld  hardwood basa l  a rea  is  about  11 .5  ft*/
acre and expected yield is about 112 tons/acre. The
difference in yield between interest rates is not equal, and
is larger at lower site index than higher. This implies an
interaction between interest rate and site index.

Multiplying HBA at rotation age by 0.4194 provides an
estimate of HBA at age 3, which is when hardwood control
t rea tments  wou ld  be  p rescr ibed  ( f igu re  2 ) .  Us ing  the
prev ious  example ,  the  economic  th resho ld  hardwood basa l
area is about 4.7 ftYacre  at age 3. This is interpreted as the
min imum amount  o f  ha rdwood  compet i t i on  tha t  mus t  be
present for a $60/acre  release treatment to be financially
a t t rac t i ve  under  t hose  c i r cums tances .

The effect of varying pine stumpage  value on economic
threshold level of hardwood basal area at age 3 is shown
in figure 3 for fixed interest rate and hardwood treatment
cost. In this case, the economic threshold level of hard-
wood basa l  a rea  decreases  w i th  inc reas ing  p ine  s tump-
age value and site index. For example, when pine stump-
age value = $30lton,  site index = 65, interest = 6 percent,
and treatment cost = $60/acre,  the economic threshold
hardwood basal area is about 4.7 ft*/acre.  The difference in
economic thresholds across pine stumpage  values is
nearly linear, and the difference is larger at lower site index
than at higher site index.

The effect of varying hardwood treatment cost on economic
thresho ld  leve l  o f  hardwood basa l ‘a rea  a t  age 3  is  shown
in figure 4 for fixed interest rate and pine stumpage  value.
As with interest rates, the economic threshold level of
hardwood basa l  a rea  increases  w i th  inc reas ing  t rea tment
cost and decreasing site index. When treatment cost = $60/
acre, site index = 65, interest = 6 percent, and pine stump-
age value = $30lton,  the economic threshold hardwood
basal area is about 4.7 ft*/acre.  The difference in economic
th resho lds  ac ross  ha rdwood  t rea tmen t  cos ts  i s  near l y
linear, and the difference is larger at lower site index than at
higher site index.

DISCUSSION AND SUMMARY
The  concep t  o f  economic  th resho lds  was  app l ied  to
hardwood compet i t ion  in  lob lo l l y  p ine  p lan ta t ions ,  and
procedures  were  deve loped fo r  es t imat ing  th resho ld  leve ls
of hardwood basal area. The sensitivity analysis of biologi-

cal and economic factors affecting the threshold level of
hardwood basal area indicated that. both interest rate and
site index were more influential factors than stumpage
value and treatment cost.

Interest rate has the greatest influence on economic
thresholds, especially on poor sites. A 1 percent increase
in interest rate increases, threshold by l-2 ft2/acre  on good
sites and by 5 ft*/acre  on poor sites. A $5/acre  increase in
t rea tment  cos t  inc reases  economic  th resho ld  leve l  o f
hardwood basal area by 0.50 ft2/acre  on good sites and by
0.75 ft*/acre  on poor sites. Increasing loblolfy  pine stump-
age value decreases threshold by 0.5 ft2/acre  on good sites
and by 1 .O ft2/acre  on poor sites.Growth  models used to
s imu la te  hardwood compet i t i on  may  have  p ro found  e f fec ts
on the biological and economic interpretations. The pattern
o f  negat ive  exponent ia l  response o f  p ines  to  hardwood
compet i t ion  imp l ies  tha t  low leve ls  o f  hardwood basa l  a rea
would produce a greater proportional reduction in pine yield
than at higher levels of hardwood competition. Thus, the
Burkhar t  and Spr inz  (1984)  model  may be more appropr i -
ate at low levels of hardwood basal area while the Knowe
(1992) model may be more appropriate at the higher levels
o f  hardwood compet i t ion .  Add i t iona l  cons idera t ions  a re  the
p ine :hardwood rep lacement  ra t io  and hardwood dynamics .
A more comprehensive pine release dataset,  with hard-
wood in fo rmat ion ,  i s  needed to  re f ine  the  economic
threshold method presented in this study.
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